Abstract-Natural and synthetic estrogens present a potential threat to aquatic life. This is due to their alarming effects on reproduction and developmental processes of aquatic organisms. These estrogens disrupt the organisms' endocrine systems and decreased their fertility. The estrogens reach the aquatic environment through urban and industrial waste discharges. Irradiation of the wastewater under ultra-violet light showed that these estrogens could be degraded. In this study, Estrone (E1) was chosen as a representative of the estrogens. The photochemical behavior of E1 was investigated under ultra-violet irradiation at 254 nm and 350 nm. The photodegradation of E1 yielded several intermediates. The concentrations of estrone and the intermediates were monitored during photodegradation using a high performance liquid chromatography (HPLC) method. The photodegradation of E1 at both wavelengths followed pseudo-first-order kinetics with respect to E1 concentration. The HPLC chromatograms indicated that three peaks were sequentially formed with time through plausible consecutive reactions. Further study is needed to identify the reaction intermediates/products in order to propose the detailed reaction mechanisms.
I. INTRODUCTION
The ubiquitous presence of emerging endocrine disrupting chemicals (EDCs) has become growing concerns due to their detrimental effects on human and animal endocrine systems [1] - [3] . Many of them can interfere with the normal function of hormones by interacting with the endocrine system [1] . They present a potential threat to aquatic life and human health. EDCs enter the aquatic environments mainly through sewage discharge and animal waste disposal due to both human and animal excretions [2] , [3] . Among the EDCs, natural estrogens (e.g., estrone (E1), 17-estrodiol (E2)) are of particularly concern due to their high estrogenic activities.
Despite extremely low concentrations (ng -g/L) detected in aquatic environments, they are largely associated with alarming effects on reproduction and developmental processes of animals and aquatic organisms such as feminization, sex reversal and decreased fertility [1] , [4] - [6] . E1 is one of the most commonly found estrogens in human wastes, wastewater and surface water [2] , [3] , [6] . The chemical structure of E1 is presented in Fig. 1 . As E1 has considerable sunlight absorption in the wavelength region of 250-320 nm, it is expected that direct photolysis plays a critical role in its diminution in aquatic environments [7] .
There have been ongoing investigations on the photodegradation of estrogens during the past two decades [7] - [10] . Many focused on direct photolysis by sunlight and indirect photolysis in the presence of natural photoreactive substances such as humic substances (HS), iron(III) carboxylates. Few studies have been dedicated to compare the kinetics of degradation of E1 under different irradiation wavelengths. Little is known about kinetics of formation and degradation of reactions intermediates in the course of photodegradation of E1.
This study aims to investigate the photochemical behavior of E1 under two different wavelengths (i.e., 254 nm and 350 nm) of irradiation. In this context, photodegrdation kinetics of E1 as well as its intermediates was studied.
II. MATERIALS AND METHODS

A. Materials
All chemicals, except noted, were analytical-reagent grade and used without further purification. E1 (> 99%) and acetonitrile (CH 3 CN, HPLC grade) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Water was HPLC grade from Fisher Scientific (Fair Lawn, NJ, USA).
B. Analytical Methods
Analysis of E1 was carried out using a high performance liquid chromatography (HPLC) system equipped with a photodiode array detector (Shimadzu, Columbia, MD, USA) and a C8 column (5 µm,150mm × 4.6mm, Alltech Associates, Waltham, MA, USA). The mobile phase was prepared by mixing acetonitrile with water in a 1:1 ratio. Prior to its use, the mobile phase was degassed for 25 min. in an ultrasonic water bath (Branson 2510, Branson Ultrasonic, Danbury, CT, USA). An isocratic elution was used to separate E1 and its reaction intermediates/products. The flow rate was 0.8 mL/min and the detection wavelength was 280 nm. The temperature of the column compartment was kept at 24±1°C. The injection volume was 20 µL.
The stock solution of E1 (8.0 × 10 -4 M) was prepared by dissolving the solid estrone in a 50% (v/v) acetonitrile aqueous solution. A series of E1 standards were prepared by diluting appropriate volumes of the stock solution with the 50% acetonitrile solution, and then analyzed by HPLC. Each individual sample was injected twice, thus giving two sets of results used for the average peak calculation. A standard curve of E1 was constructed by plotting the average peak areas of E1 from their chromatograms as a function of E1 concentrations. A good linear relationship (y = 2969.3 x) was obtained up to 420 M with the regression coefficient of 0.992. The detection limit for E1 was 6.4 M based signal-to-noise ratio (S/N) of three.
C. Photolysis Experiments
A Rayonet photoreactor (RPR-100, Southern New England Ultraviolet Company, Branford, CT, USA) was used for irradiation. The reactor cavity held a quartz reaction vessel (length: 50 cm × diameter: 10 cm) equipped with a cold finger where tap water was circulated through the vessel to provide cooling of the solution in the vessel. The cold finger also provided a gas outlet that vented gases produced by reactions. The temperature was kept at 18±2°C as tap water circulated through the cold finger. A monochromatic irradiation condition was achieved by selecting lamps with a desired wavelength of 254 nm or 350 nm (Southern New England Ultraviolet Company, Branford, CT, USA).
A solution of E1 (3.8 × 10 -4 M) was freshly prepared by diluting the stock solution of E1 with the 50% acetonitrile solution. The pH of the solution was 6.0±0.5. The solution (200 mL) was transferred to the quartz vessel for photolysis. Samples were taken at various time intervals and analyzed for E1 as well as the reaction intermediates/products by HPLC. With the detection limit of HPLC, a higher E1 concentration than those detected in the environments was used to ensure quantitative measurements of E1 in the photodegradation process. E1 has a very low solubility in water. To enhance its solubility, a 50% acetonitrile aqueous solution was used to prepare all of the E1 solutions used in this study.
In addition to the HPLC analysis, the absorption spectrum of an E1 solution (3.8 × 10 -4 M in 50% CH 3 CN) prior to photolysis was measured by an UV-Visible spectrophotometer (Evolution Array, Thermo Scientific, Waltham, MA).
D. Calculation of the Irradiation Energies
The irradiation energies associated with 254 nm and 350 nm electromagnetic radiations are calculated by the Planck's equation:
where E is the single quantum energy (J), h is the Planck's constant, 6.63 × 10 -34 J . s, c is the speed of light, 3.00 × 10 8 m/s, under vacuum, and λ is the wavelength (m) [11] . The energies are 472 kJ/mol photons and 0.977 kJ/mol photons for 254 nm and 350 nm, respectively. Fig. 2 shows the comparison of E1 photodegradation at 254 nm and 350 nm. The concentration of E1 was decreased exponentially at 245 nm with 98.8 % of E1 degraded within 10 minutes. The degradation of E1 at 350 nm, however, proceeded in a much slower rate with only 3.5% of E1 degraded within 10 minutes. In general, direct photolysis occurs because of the absorbance of photons of certain energy by the substrate (e.g., E1) [7] , [9] . The direct photolysis also depends on intensity of irradiation energy, rate of light absorption and reaction quantum yield of the excited state [7] , [9] . E1 exhibits considerable absorption in the 250-325 nm wavelength region as shown in Fig. 3 . It significantly overlaps with the irradiation wavelength of 254 nm, thereby promoting the absorption of photons at 254 nm and triggering the degradation of E1.
III. RESULTS AND DISCUSSION
In addition, the energy associated with 254 nm electromagnetic irradiation is 472 kJ/mol which is greater than the average bond energy of a C-C (347 kJ/mol), C-O (351kJ/mol), C-H (414 kJ/mol, or O-H bond (460 kJ/mol) bond [12] . The irradiation energy was sufficient to break any of these bonds present in an E1 molecule. In contrast, the absorption band of E1 was not significantly overlapped with the irradiation wavelength of 350 nm. The energy associated with 350 nm electromagnetic radiation is 0.977 kJ which is not sufficient to break the bonds listed above.
In the course of the photodegradation of E1, the peaks of E1 and reactions intermediates were monitored by HPLC.
Prior to the irradiation, only an estrone peak was recorded (Fig. 4a) on the chromatogram, whereas three unidentified peaks were recorded at 10 min of irradiation at 254 nm (Fig.  4b) . This observation indicates that at least three intermediates/products were formed through the photochemical reaction described below:
The decrease in concentration of E1 was accompanied with increasing concentrations of intermediates with time, reaching plateaus and then decline with time (Fig. 5) . Evidently, the photodegradation of E1 involves several consecutive reactions with the intermediates/products formed and consumed in a sequential order. Further study on the product identification is needed to propose detailed reaction mechanisms. In the early stage of the photodegradation, E1 was the predominate species that underwent the degradation. A plot of ln (C/C 0 ) against reaction time (t) is shown in Fig. 6 . It indicates the reaction follows pseudo-first order kinetics with respect to E1 concentration at the both irradiation wavelengths as given by 0 ) ln(  C C kt (3) where C 0 and C are the concentrations of E1 at time zero and any given time, respectively. t is the reaction time (min) and k is the pseudo-first-order degradation rate constant (min -1 ). The half-life (t 1/2 ) of E1 can be calculated by Table I summarizes the kinetic parameters of rate constant and half-time of photodegradation of E1 at the both irradiation wavelengths. 
IV. CONCLUSIONS
The direct photodegradation of E1 occurs under irradiation at 254 nm and 350 nm. The rate of photodegradation of E1 depends strongly on wavelength of irradiation. The initial stage of the reaction follows a first-order kinetics model with respect to the E1 concentration. The rate constants are 0.784 min -1 and 0.0670 min -1 for 254 nm and 350 nm, respectively. The degradation of E1 proceeded faster at 254 nm than at 350 nm. This is due to the greater energy associated with photons at 254 nm than at 300 nm, and the significant overlap of the absorption spectrum of E1 with the UV light at 254 nm. The half-life values of the reaction were estimated as 0.884 minutes and 103 minutes at 254 nm and 350 nm, respectively.
The reaction likely involves in several consecutive
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